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INTRODUCTION
The environmental legislation has become for a number of years the most important factor affecting requirements of automotive fuels, due to additional limitations caused by changes in vehicle technologies (after-treatment, etc.), but also to the growing importance of direct fuel effect (their weighting factor rising sharply as a result of a very low emission levels mandated in ecological regulations). Moreover, in order to meet the future regulation not only on pollutant emissions but also on CO 2 emissions, new technologies have appeared, such as more complex after treatment systems, or new combustion technologies such as direct injection engine. This mutation of the engine technology and the more acute impact of fuel properties on exhaust emissions will lead to new diesel and gasoline fuel formulations. Some work has been carried out in order to study the impact of fuel composition on pollutant emissions (Auto/Oil Air Quality Improvement Research Program [1] [2] [3] , EPEFE [4, 5] , but even if a lot of theoretical data are available, the fuel formulation becomes more and more complex year by year. In this context, it is crucial to have an excellent knowledge of the relative impact of the different refinery bases available for the blending of future fuels on modern engines operation and emissions.
The results presented here are coming from a large study done at IFP with the support of the French Ministry of Industry, PSA, Renault and Renault VI. This study aims to quantify the impact of refinery bases which we identified as the major components in the gasoline and diesel fuel pool in the next years for engines using technologies which will be widespread in the future. Seven gasoline bases (alkylate, isomerate, FCC, a fuel from olefins dimerisation (dimate), a light reformate, an heavy reformate and ETBE) will be tested on four vehicles and engines (two PFI engines (one stoichiometric and one lean burn) and two DI engines (one stoichiometric and one stratified running)). As far as diesel technology is concerned, six diesel bases (straight-run, hydro-cracked diesel fuels, LCO, hydro-converted vacuum distillation residue, kerosene and Fischer-Tropsch base) will be tested on four passenger car engines (one indirect injection, and three high pressure direct injection) and three heavy-duty (Euro II, Euro III and Euro III with EGR) diesel engines.
The results of the first step of the study are presented in this paper, devoted to the two PFI engines and two diesel engines.
CONTEXT
In the early 90's, in Europe, the wide investigation EPEFE program has been carried out to determine the role of physical and chemical fuel parameters on pollutant emissions. It was an essential part of the European Auto/Oil 1 Program which aimed at defining the 2000 step for emission and fuel specification standards. For diesel fuels, EPEFE focused on density, poly-aromatics, cetane number and backend volatility (T95) [1] , while it focused on sulfur content, aromatic compounds rate and distilled fraction at 100°C ("E100") for gasoline.
The original work reported here has a radically different view: instead of trying to determine the influent physical parameters of the fuel with often very complex dedicated fuel matrix, the chosen option was to try to directly determine the influence of fuel composition in terms of refinery bases. The goal of this study is to calculate linear correlations between pollutant emissions and fuel composition and thus give a pragmatic tool for choosing fuel blending components which ensure the lowest vehicle emissions. The literature does not provide much information about the use in engines of some of the bases selected here (LCO and hydro-converted vacuum distillation residue for diesel fuels, isomerate for gasoline fuels for instance). Besides, many technical points have changed since EPEFE: new engine technologies arise, such as high pressure injection diesel systems, new aftertreatment solutions, lean-burn spark-ignition engines, sparkignition stratified direct-injection engines, etc., the operation of which will require new fuel specifications such as lower fuel sulfur contents, and interest in fuel reformulation techniques grows as emissions standards are reduced. The program takes into account all of these points: new engine technologies are represented, reformulated Fischer-Tropsch fuel is included in the diesel experimental fuel matrix, oxygenated compounds are included in the gasoline fuel matrix, fuel sulfur contents are low, etc.
EXPERIMENTS
Gasoline Fuel Formulation
In order to study the impact of fuel composition with no interference of other physical properties, the study was led using a fuel matrix based on an experimental blending design. The first step of the work was to build this matrix and especially to define the factors used (number and type of refinery basis), the variation ranges of each factor and the characteristics of the blends (number of blends, physical properties, etc.).
Factors Identification (Number and Nature)
In order to give information and orientation for future fuel formulation in terms of refinery composition, seven bases have been chosen, which are representative of the batch that will be used in the next years: -a fuel from isomeration process (noted "ISOM"), mainly constituted of C 5 /C 6 isoparafins;
-an alkylate (noted "ALK"), constituted of C 7+ isoparafins; -a fuel from olefins oligomerization process (noted "DIM"); -a fuel from catalytic cracking process (noted "FCC"), composed of C 7+ olefins, but also from aromatic compounds; -a C 7 /C 8 reformate (light reformate, noted "LR"); -a C 9+ reformate (heavy reformate, noted "HR"); -an oxygenated coupound: ETBE.
Determination of Variation Range for Each Factor
Two objectives were considered while defining variation ranges for each parameter: -to obtain the largest experimental range; -to ensure the correct operation of the engine.
The resulting compromise is quoted in Table 1 . The minimum number of blends in order to calculate all the factors of the correlations is equal to the number of factors (7 in our case). In order to maximize the p-value for these calculation, eleven blends were produced: ten fuels for the limits of the experimental field and a center fuel. This center fuel is used for three main aims: -to extend the mathematical model obtained to the complete experimental field described by the matrix (and not only to the border of this experimental field); -to calculate emissions measurement repeatability. Actually, in order to obtain statistical and significant trends, it is essential to quantify this repeatability. A general isovariance hypothesis has been chosen, assuming that the repeatability does not depend on the blend composition; -to evaluate the eventual bias of the study during the tests with the same center fuel. That is why this fuel is tested at the beginning, at the middle and at the end of the program. Moreover, this center fuel represents a typical fuel composition for the next years.
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Complementary Constraints
In order to stay close to present regulation and to ensure good cold engine start and driveability, two more constraints have been imposed: -the total olefinic content (dimate and FCC) must stay below a 20 % vol. limit, in order to be close to the Euro III regulation on olefinic content (18% vol.); -the Reid vapor pressure must be above 35 kPa in order to avoid engine stalling at the beginning of the MVEG cycle.
The main properties of the selected refinery bases are detailed in Table 2 . In this table, the low vapor pressure of the FCC and reformate bases are to be outlined: in order to ensure the RVP limitation each blend of the calculated experimental design contains alkylate or isomerate (high volatility). This blend matrix is represented in Table 3 . Furthermore, due to the FCC high sulfur content (200 ppm), some variations of the blends effect on engine running and pollutant emissions could be linked to blends sulfur content variations and not to fuel composition, as outlined in the EPEFE program [6] . In order to avoid this phenomenon, the sulfur content of all the blends has been adjusted to a level close to 60 ppm by DMDS (dimethyldisulfide) addition.
The main physico-chemical properties of the 11 fuels are presented in Table 4 .
The Table 4 shows that large differences exist between the blends properties: the RON values are between 94 and 104, the density between 676 and 775. Nevertheless, the correlation matrix, presented on Table 5, shows that the only   11   TABLE 4 Main physico-chemical properties of the tested fuels link between fuel composition and physical properties comes from the isomerate (its high volatility induces a significant impact on RVP) and the heavy reformate (due to its high density). In this table, only correlation ratio higher than 0.7 are shown. It can be seen that only a few parameters are correlated, due to logical facts such as density and H/C ratio.
This decorrelation between fuel composition and physical properties ensures that the effects measured on pollutant emissions are not due to physical properties of the blends but mainly to refinery bases effects.
The detailed chemical composition of these different fuels is given in Table 6 . Measurements were achieved by gas chromatography. 
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Diesel Fuel Formulation
For diesel fuels formulation, the same methodology than for gasoline fuels have been used.
Factors Identification (Number and Nature)
As for gasoline fuel matrix, the main objective was to select the refinery bases that could be the most interesting and the most suitable among those of the next twenty years in the refinery possibilities. In this context, the factors of the diesel fuel matrix (the parameters of the study) are different refinery bases. Six of them have been selected to build the experimental blending design: -a straight-run (noted SR): it is a direct distillation diesel fuel; -a hydro-cracked product (noted HDC); -a light cycle oil (noted LCO); -a diesel fuel issued from hydro-conversion of vacuum distillation residues (noted HCVDR); -a kerosene (noted kero.); -a diesel fuel coming from a Fischer-Tropsch process (noted FT).
Determination of Variation Range for Each Factor
The range of variation of each basestock, chosen in order to be the largest while maintaining the correct operation of the engine, is quoted in Table 7 . All the fuels of the experimental matrix are blended with at least 50% vol. of straight-run in order to obtain a "classic" distillation range for each diesel fuel. The other bases content evolved between 0 and 50% vol., except for the LCO (0-30% vol.).
Complementary Constraints
Furthermore, in order to be representative of fuels of the over next twenty-years and to anticipate as far as possible the Euro IV specifications, two other objectives were assigned to the blending, resulting in certain constraints on some parameters:
-the cetane number measured on a CFR engine had to be higher than 54.0 for the eleven diesel fuels; -the sulfur content had to be lower than 100 ppm for the eleven diesel fuels (the 50 ppm limit for Euro IV had not been decided when this value was chosen. However, in fact the average sulfur content obtained was lower than 50 ppm). This is the reason why four of the six bases have been hydro-desulfurised to pass the 100 ppm maximum requirement (Table 8 ). The sulfur content ranged from lower than 5 ppm to 85 ppm. However, no adjustment was required since all the fuels contain at least 50% of the SR base, thus ensuring a rather small variation of sulfur content.
The main properties of the selected refinery bases are detailed in Table 8 . It must be pointed out that, except for the hydrocracked and the Fischer-Tropsch fuels, the base cetane numbers remained quite low in spite of a rather severe hydrodesulfurization.
In this context, the experimental design is represented in the Table 9 . The previous mentioned constraint on the cetane number led to the following variation ranges: -straight-run: 50-86.5% vol.; -hydro-cracked product: 0-50% vol.; -LCO: 0-20.4% vol.; -diesel fuel issued from hydro-conversion of vacuum distillation residue: 0-31.6% vol.; -kerosene: 0-33.5% vol.; -diesel fuel coming from a Fischer-Tropsch process: 0-50% vol.. These variation ranges are a little less extensive than the theoretical ones.
The main physico-chemical properties of the 11 fuels are presented in Table 10 .
Furthermore, with the low sulfur contents obtained by hydro-desulfurization, it appeared necessary to add 150 mg/l of a lubricity improver additive in every fuel (from Octel) to comply with the HFRR test specification of wear scar diameter under 460 µm.
The detailed chemical composition of these different fuels is given in the Table 11 . Measurements were achieved by mass spectrometry.
Additional Diesel Fuels Tested
To complete the diesel fuel matrix, three other fuels have also been blended outside the main matrix:
-a fuel containing 80% vol. of the matrix "center" diesel fuel and 20% vol. of rapeseed methyl ester (RME); -a fuel containing 80% vol. of the matrix "center" diesel fuel and 20% vol. of a naphthenic base; -a diesel fuel issued from the Fischer-Tropsch process without any blending with another product or base.
The main physico-chemical properties of these three complementary diesel fuels are presented in Table 12 .
Engines and Vehicles Characteristics and Test Procedures
Spark-Ignition Engines
Vehicle Characteristics Two engines and corresponding vehicles have been tested, whose main characteristics are described in the two following subsections.
The first tests were carried out on a Honda VTEC-E engine, whose main characteristics are: -engine type: lean burn PFI gasoline engine, fitted on passenger car; -4 cylinders, 4-stroke; -displacement: 1493 cm 3 ; -bore × stroke = 75 × 84.5 mm; -compression ratio: 9.6/1; -maximum power: 84kW at 6500 rpm; -maximum torque: 138 N·m at 5200 rpm. Vehicle tests were carried out using a Honda Civic 1.5 l Lsi, whose mileage was 12 000 km.
The second tested engine was a Renault F4P. The characteristics of this engine are : -engine type: stoichiometric PFI gasoline engine, fitted on passenger car; -4 cylinders, 4-stroke; -displacement: 1783 cm 3 ; -bore × stroke = 82.7 × 83 mm; -compression ratio: 9.8/1; -maximum power: 88 kW at 6500 rpm; -maximum torque: 165 N·m at 3750 rpm. -depollution level: Euro III.
Vehicle tests were carried out using a Renault Laguna whose mileage was 9000 km.
Test Procedure
On an engine bench, all the tests were performed at steady state engine conditions on different operating points: -Running conditions 1 (Pt1): 2000 rpm -BMEP = 3 bar, standard tuning:
At each test point, engine running parameters variations have been conducted. These variations are adapted from the engine map (Table 13 ). (Table 14) . For each operating condition, all the engine parameters were set to their map values and the BMEP was maintained to its original set-up by variations of the throttle opening. 1 In the whole paper, R refers to the equivalence ratio i.e. 1/λ.
Engine-out pollutant emissions (CO, HC, NOx), CO 2 emissions, fuel consumption were recorded for each point.
For the vehicle, all the tests were performed over the MVEG-11s driving cycle (Euro III).
Passenger Car Compression-Ignition Engine
Engine Characteristics Engine tests were carried out on a turbocharged Renault G8T engine, equipped with EGR but without catalytic converter, whose main characteristics were: -engine type: indirect diesel engine, fitted on passenger car -4 cylinders, 4-stroke; -displacement: 2188 cm 3 ; -bore × stroke = 87 × 92 mm; -compression ratio: 22/1; -maximum power: 82 kW at 4000 rpm; -maximum torque: 240 N·m at 2500 rpm.
Vehicle tests were carried out on a Laguna model 1997 car (equipped with the G8T engine), with the following characteristics: -vehicle inertia: 1590 kg; -mileage of the vehicle at the beginning of the tests:
approximately 9000 km; -equipped with an oxidation catalytic converter.
Test Procedure
On an engine bench, all the tests were performed in steady state engine conditions on different operating points: -a complete full-load curve, from 1500 to 4000 rpm with a step of 500 rpm, in the standard tuning conditions of the mapping; -2 partial loads running conditions:
• running conditions 1 (Pt1): 2000 rpm -BMEP = 2.0 bar, with different levels of injection timings (-4, -2, +0, +2, +4 and +6 °CA from the standard tuning conditions of the mapping) and of EGR rate (15, 30, 35, 40 and 50%); • running conditions 2 (Pt2): 3000 rpm -BMEP = 4.0 bar in the mapping conditions, with different levels of start of injection (-4, -2, +0, +2 and +4°CA from the standard tuning conditions of the mapping). For the vehicle, all the tests were performed over the MVEG-11s driving cycle (Euro III).
Heavy Duty Engine Characteristics
Engine Characteristics
The heavy-duty engine used in this part of the study was a 062045 manufactured by Renault Véhicules Industriels, certified to Euro II (1996) pollutant emission level. A detailed description of the engine is provided in Table 15 . Both cycles use mainly three engine speeds (noted A, B, C), and are described as follows. A domain of engine speeds is defined for each engine type. The lower limit N1 is the speed below the rated speed that gives half the maximum power. The upper limit N2 is the speed above the rated speed that leads to a 30% loss of power compared with the maximum power. This domain is divided into four equal parts, delimited successively by N1, A, B, C and N2.
ELR is a transient cycle, used to characterize dynamic response black smoke opacity (Fig. 1) . During ELR, torque is raised from 10 to 100% within less than two seconds, three times consecutively for each engine speed A, B and C as described on Figure 2 .
ESC is used to measure particulate, NOx, HC and CO emissions throughout the mean measures of thirteen steadystate conditions. Idle is one of these conditions. The others are defined by the engine speed (A, B and C) and the torque: 25, 50, 75 and 100% of the maximum available torque at the corresponding engine speed.
Last, full load conditions over the entire range of speed from 900 up to 2100 rpm and five of the most important points of this cycle were also studied. The five points are A100, B50, B75, C25 and C100, each tested with five different injection timings. Beside the measurement of regulated pollutants, smoke opacity, combustion noise, specific fuel consumption and carbon dioxide emissions were also evaluated. Differences in heating value and specific gravity of the 11 blends do not lead to any significant variation in the maximum torque, so similar torque levels were used for all blends over the entire range of test conditions.
Gas Analysis Methods
For engine tests, raw exhaust gases were sampled through a 180°C heated line equipped with a heated filter. Five analysis tools were used: -a flame ionization detector (FID) for total hydrocarbon emissions; -two nondispersive infrared detectors (NDIR) for CO and CO 2 emissions; -a chemiluminescence detector for NOx emissions; -a paramagnetic analyzer for oxygen.
For vehicle tests, car emissions and fuel consumption were measured on a chassis dynamometer using the modified MVEG cycle with the initial 40 s idle period removed. The test emissions used for exhaust dilution, sample collection and sample analysis diluted gases conforms to the specifications of directive 70/220/EEC and its amendments. Diluted gases were sampled in bags and analyzed with a Horiba Mexa 9000. Nonregulated pollutant emissions were analyzed using gas chromatography of samples taken in specific bags (HC) or HPLC with UV detector of gases collected on sample cartridges (oxygenated compounds).
Test Methodology and Principle of Results Exploitation
The main objective of the statistical analysis of this study is to determine a model for each pollutant based on mathematical relationships of this form:
where A is either: -the regulated pollutant emissions (CO, HC, NOx and particles mass for diesel tests); -the unregulated pollutant emissions for vehicle tests (ozone forming potential, aldehyde identification, and individual unburned hydrocarbons); -the CO 2 emissions and the fuel consumption on the driving cycle, and the BSFC of the engine; i = each refinery base of the program; C i = concentration of the "i" refinery base in the fuel (% vol.); α i = contribution of the "i" refinery base to emissions, expressed in % (i = 100% within each model); N = total number of basestocks (6 for diesel blend matrix, 7 for gasoline blend matrix).
These models give mathematical linear regressions. Interactions between the different parameters of the matrix are not taken into account, since their effects are second-order in an experimental blending design. For each model, the correlation factor R 2 and the p-value of the model are given. Only the models characterized by a "100 × (1-p-value)" higher than 80% have been selected to define the impact of the fuel formulation. In the following pages, the results are given in terms of contribution of each base (expressed in percentage) in the model for each pollutant, as shown in the following example, for gasoline tests (Table 16 ). OFP (g/km) = 0.3 X HR + 0.29 X isom + 0.261 X LR + … with X i proportion of the base in the blend.
The results are also expressed in terms of percentage contribution of each base to the pollutant emissions. As the blends are composed with 7 refinery bases, the mean value of this contribution is around 14%. A base with a contribution higher than this mean value is designed as a high contributor, which means that adding such a base to a blend will tend to raise the emissions of the pollutant.
It must be outlined that those correlations, calculated according a blend design, are valid only inside the limits defined during the creation of the blend matrix.
RESULTS
Spark-Ignition Engines
First Engine: Lean-Burn PFI Engine
All the blends were tested on the map point and with the engine running parameters variations described above.
The study of the results lead to curves such as the one presented in Figure 3 HC emissions measured on the engine bench for an equivalence ratio variation on Pt1.
for the three tests with center blend and for the test with blend 3 are presented.
The differences observed between the three center blend tests give an evaluation of the repeatability of the method. As a general isovariance hypothesis has been chosen, the differences between the three center tests represent the repeatability for all the blends, including blend 3. As the HC emissions obtained with blend 3 are out of the repeatability interval, it can be concluded that there is a significant fuel effect.
Nevertheless, as the blends are formulated according to an experimental design, no conclusion can be drawn from the comparison of 2 blends: only statistical calculation can describe the effect of each refinery base on pollutant emissions.
Carbon Monoxide Emissions
On the vehicle (transient running), the influence of olefinic bases (FCC and dimate) on CO emissions (Table 17) is strong (around 20%), when the heavy reformate contribution is very low. On the engine, only the correlation calculated on the second test point is significant, and the differences between bases are less acute.
Unburned Hydrocarbons Emissions
Unlike for CO emissions, unburned hydrocarbons (Table 18) are mainly produced by aromatic products (reformate), and the contribution of FCC and dimate are very low, especially in warm conditions (EUDC cycle and Pt2).
Nitrogen Oxides Emissions
The correlations calculated for NOx emissions (Table 19 ) are close to those calculated for HC emissions: the reformates are the greatest contributors to NOx emissions while ETBE has the lowest contribution for most running points.
Carbon Dioxide Emissions
The contributions of the refinery bases on CO 2 emissions (Table 20) are closely linked to H/C ratio and are similar on each phase of the MVEG cycle. ETBE has a higher contribution on CO 2 emissions, due to its low heating value.
Unregulated Pollutant Emissions
For each blend, a set of more than 150 molecules concentration has been measured on MVEG cycle, including the TAP (toxic air pollutant). The calculation results for TAP are presented in Table 21 . TAP emissions are directly linked to fuel chemical composition: for instance, more than 90% of benzene emissions are due to high aromatic content bases (HR, LR and FCC), 50% of the buta-1,3-diene come from olefinic basestocks and 62% of acetaldehyde emissions are due to ETBE.
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Effect of Engine Parameters Variations on Bases Contribution to Pollutant Emissions
The correlation calculations have been led for all the engine running parameters. The main results of those calculation are summarized in Table 22 . Each arrow indicates the effect of the engine parameter modification on each base contribution. 
n.s.: not significant.
Discussion on the Lean-Burn PFI Engine
The results obtained on the Honda VTEC engine can be summarized as followed.
-For HC emissions, the heavy reformate and the light reformate have the strongest contribution, with up to 40% for HR in stabilized conditions. All the other refinery bases have an intermediate or low contribution. The case of olefinic bases (FCC and dimate) and of ETBE present some particularities: the contribution of dimate to HC emissions seems very sensitive to engine running conditions, with in particular a very low contribution in high temperature conditions. This phenomenon is particularly acute in transient conditions: the contribution of FCC to HC emissions is 16% on the ECE cycle and 0% in the EUDC cycle (as the blend matrix contains 7 fuels, the "mean value" for each fuel contribution is around 14%). -On the contrary, ETBE has a low contribution to HC emissions on the ECE cycle but very high on the EUDC cycle (27%). The fact that this phenomenon is not present in steady-state conditions allows us to say that ETBE is sensitive to transient running. The same conclusion can be drawn for paraffinic bases (alkylate and isomerate).
-For CO emissions, less information is available, due to the low p-value of most of the correlations. Nevertheless, it can be concluded from the tests that, unlike for HC emissions, aromatic bases induce low CO emissions in transient running conditions. The main contributor to carbon monoxide emissions is the fuel from olefin dimerization process (dimate), with a contribution up to 26%. Some effect of engine running conditions can also be found on ETBE behavior: the comparison of the results obtained on ECE and MVEG cycle seems to show that ETBE is one of the main contributor to CO emissions on the EUDC cycle (The results can be compared to those found on HC emissions were the contribution of ETBE on EUDC cycle is 27% while it is only 4% on MVEG cycle). -For NOx emissions, the calculated correlations are close to those found on HC emissions: strong influence of aromatic bases, little influence of ETBE and increase of dimate and ETBE contribution in hot running points (EUDC cycle). The steady-state running point results are however quite different from those calculated on HC emissions, in particular with regard to the high contribution of dimate and FCC. -For CO 2 emissions, it has been shown the main parameter is the "H/C" ratio. Only ETBE, due to its high oxygen content, presents a different contribution. All the tests carried out on this engine have shown the influence of refinery bases choice on pollutant emissions for a lean-burn PFI engine. The main conclusions are following.
The strong link between NOx emissions and CO/HC emissions show that the main parameter to explain NOx emissions is not only the flame temperature of each base, but also the quality of the combustion. Indeed, if we compare results obtained for NOx and HC + CO emissions, the bases classification according to their contribution is inverted, which induces that a low contribution of a refinery base to NOx emissions is mainly due to incomplete combustion.
Heavy reformate is the strongest contributor to unburned hydrocarbons emissions, with a contribution up to 40% in hot running conditions (Pt2). Moreover, differences can be outlined in the combustion of aromatic bases (reformates) and olefinic bases (dimate): when incomplete combustion of dimate leads to CO emissions, the same phenomenon with reformates leads to HC emissions. Those two types of refinery bases lead to combustion difficulties. Moreover, the high contribution of dimate on NOx emissions seems to indicate that the combustion of olefinic bases is very fast (high combustion temperature peak) but incomplete. This phenomenon is particularly acute in transient running.
ETBE seems to have a relatively poor oxidation in low temperature conditions: a decrease of the equivalence ratio or an increase of the EGR rate induce an important growth of the ETBE contribution to HC emissions. The important increase of the impact of ETBE on HC emissions during the EUDC cycle shows that those oxidation difficulties are not linked to thermodynamic but kinetic considerations: unlike for olefinic bases, the combustion of ETBE seems to be slow. The effect of a lowered spark advance on ETBE contribution to HC and CO emissions has to be linked to a drastic growth of exhaust temperature: as the combustion of this base is slow, decreasing the spark advance induces post-combustion of this base.
Unregulated pollutant emissions are closely linked to fuel composition, showing that the main source of hydrocarbon emissions is unburned fuel. On the other hand, some effects such as ETBE contribution on buta-1,3-diene indicate the existence of other hydrocarbon emission sources, such as partial burn or in situ synthesis.
Second Engine: Stoichiometric Lean Burn Engine
The same study as for the lean-burn engine has been carried out on the Renault F4P. The main results are summarized in Tables 23 to 28 .
Carbon Monoxide Emissions
The correlations calculated for CO emissions are very similar to those calculated for the first engine, with a high contribution of olefinic bases (dimate) and a very low contribution of heavy reformate and ETBE. Moreover, it must be outlined that, as for the VTEC engine, the correlations calculated in steady state and under transient running are very different: in steady state conditions, the heavy reformate is one of the most important contributor to CO emissions.
Unburned Hydrocarbons Emissions
As for carbon monoxide emissions, the main conclusion of the calculations led on HC emissions is the highly different results found on steady state and transient running: in steady state conditions (Pt1 and Pt2), heavy reformate is the most 22 important contributor to unburned hydrocarbons emissions, while it is one of the lowest in transient conditions. On the contrary, we can outlined the high contribution of isomerate on vehicle tests. Nevertheless, due to the low HC emission level, the signification of most correlations on the MVEG cycle are low.
Nitrogen Oxides Emissions
As for HC emissions, transient running has a great effect on all the contributions to NOx emissions: ETBE is the greatest contributor with 30% on the MVEG cycle, when its contribution on the steady-state points stays around 10%.
Carbon Dioxide Emissions
The correlations calculated on CO 2 emissions confirm the results found on the VTEC engine: the fuel composition (in terms of refinery bases) doesn't have a great influence on CO 2 emissions. However, even if all the contributions are very close (between 13 and 16%), it can be observed on those results that the crucial point for carbon dioxide emissions is the "H/C" value. As for the VTEC engine, the ETBE has a different behavior: despite its low "H/C" value, its contribution to CO 2 emissions is quite high because of its low heating value. Indeed, on the MVEG cycle the correlation calculated on fuel consumption gives the following results.
Fuel consumption (l/100 km) = 8.5 X ETBE + 8.0 X isom + 7.9 X dim + 7.6 X alk + 7.3 X FCC + 6.7 X LR + 6.4 X HR (1-p-value = 99.2%).
The contribution of ETBE to fuel consumption is the highest of the 7 refinery bases. Its contribution to CO 2 emissions is then a compromise between this high fuel consumption (low heating value) and its low "H/C" ratio. 
Unregulated Pollutant Emissions
The correlations calculated on TAP for the Laguna on the MVEG cycle are presented in Table 27 . The results obtained for this engine are closed to those obtained with the VTEC engine. Nevertheless, the study of the correlations shows that the combustion of the dimate is incomplete: this phenomenon, outlined during the study of 23 CO emissions is confirmed here with the high contribution of dimate to the emissions of acetaldehyde. 
Effect of Engine Parameters Variations on Bases Contribution to Pollutant Emissions
As for the lean-burn PFI engine (Honda VTEC), the main results of correlations calculation according to engine running parameters variations for the Renault F4P are presented in Table 28.   TABLE 28 Impact of engine running conditions on the contribution of each refinery base on regulated pollutant emissions
It has been observed that the Renault F4P engine was less sensitive to parametric variations (equivalence ratio, spark advance). Nevertheless, it must be pointed out that the variation ranges were less wide than for the VTEC, due to the map characteristics of this second engine (stoichiometric running, knock sensitivity).
Some effects are consistent with the results obtained for the first engine, and especially the growth of the contribution of ETBE to HC emissions in less favorable conditions (lean burn, lower spark advance), due to oxidation difficulties of this base.
Discussions on the Stoichiometric PFI Engine
All the tests carried out on the Renault F4P engine indicate a less acute influence of refinery base on pollutant emissions than that which was measured on the VTEC engine. In fact, as the F4P is designed to run under homogeneous stoichiometric conditions without EGR, the parametric variations were more restricted: for instance, the minimum tested equivalence ratio was 0.95, while it was 0.65 for the VTEC engine.
Nevertheless, significant fuel effects can be outlined, most of the time quite similar to those which were observed on the lean-burn engine: -Aromatic and olefinic/parafinic bases have an opposite effect on CO emissions: dimate and isomerate are the most important contributors to CO emissions in cold transient emissions, while their influence on CO in steadystate running and on the EUDC cycle is low. On the contrary, HR contribution is low under cold transient conditions (ECE) and high under steady-state conditions. The key parameter in order to explain the CO emissions seems to be the density: in cold conditions, a high density is linked with low CO emissions, while in hot running conditions the higher the density is, the higher the contribution to CO emissions is. Many hypotheses can be ventured to explain this phenomenon, linked to the air/fuel mixture. -The study of HC emissions, although more difficult because of the low significance of the correlations, shows differences between vehicle and engine tests. Density seems to have an influence during transient running (high contribution of isomerate, low contribution of HR), but less acute than for CO emissions. -Correlations on NOx emissions are quite different than those calculated for the VTEC engine: the most important contributor is ETBE, with up to 30% on the EUDC cycle. This result is consistent with the Auto/Oil program results [2] , who noticed an increase of NOx emissions (+5.5%) when using a gasoline with 17% ETBE. This result can be explained by the fact that with the VTEC engine, low equivalence ratio induced combustion difficulties for ETBE and consequently high CO emissions. As far as the F4P is concerned, the contribution of ETBE to CO and HC emissions is always very low (6% for the CO on the EUDC cycle). The complete combustion of this refinery base induces higher cycle temperatures and higher NOx emissions. It can be outlined that the equivalence ratio variation done on the engine tend to confirm this fact: in lean-burn conditions, ETBE induces higher CO and HC emissions and lower NOx emissions.
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Discussion/Comparison of the Two Engines
It has been shown that significant differences between refinery bases can be outlined, not only with regard to pollutant emissions, but also to combustion conditions. The main results are the following: -The main precursor of unburned hydrocarbon is the heavy reformate. The combustion difficulties of this base may be due to its high aromatic content or its high density. -The olefinic bases (fuel from FCC and fuel from olefin dimerization process) are characterized by a very fast and violent combustion, which impacts on pollutant emissions with incomplete combustion (high CO emissions) and a high sensitivity to engine running conditions. -On the contrary, ETBE seems to have a slow combustion, particularly under more difficult conditions (low spark advance, high EGR). This phenomenon is visible on HC emissions, with a drastic growth of ETBE contribution in the EUDC cycle (high engine speed). Moreover, a postcombustion phenomenon in the exhaust line can be observed when lowering the spark advance. The effect of EGR is acute for the VTEC engine, while the effect of spark advance is important for the F4P engine. Nevertheless, ETBE is a low contributor to NOx and CO emissions. From this first test phase, it can be concluded that ETBE can reduce CO, HC and NOx emissions for a PFI engine, provided the engine running conditions are favorable to a good oxidation of this base (little or no EGR, hot running condition, etc.).
The main results for both engines are summarized in Tables 29, 30 and 31. In those tables, the contribution of each base to HC, CO and NOx emissions are compared for VTEC and F4P engine (for each contribution, the results are presented under the format VTEC/F4P). Those tables show that most of the effects are common to both engines: high contribution of HR to HC emissions in steady-state conditions and of dimate and isomerate in ECE cycle. Nevertheless, as outlined in a previous paragraph, the main differences observed between engines concern NOx emissions with a high contribution of ETBE in transient running (ECE and EUDC cycles) for the F4P engine. Indeed, the main differences between the two engines, only visible in transient running, seem to come from oxidation difficulties of ETBE in lean-burn conditions with EGR.
Conclusions on Spark-Ignition Engine Tests
This work has shown that significant refinery base effects can be outlined on pollutant emissions. Most of those effects are common to both PFI engines: -HR has a high contribution to HC emissions. -The nonregulated pollutant emissions are closely linked to fuel chemical composition. Moreover, two other ways of UHC production at the exhaust of the vehicle can be outlined: partial oxidation and in situ synthesis. -Both engines are very sensitive to transient running and show quite different results between engine and vehicle tests.
Compression-Ignition Engines
Passenger Car Diesel Engine and Vehicle Results
An example of the bench test results obtained with the diesel engine is given in Figure 4 . It represents the smoke/NOx trade-off measured at the bench. The operating conditions are "2000 rpm -BMEP = 2.0 bar" with different EGR rates (from 15% to 50%).
We observe that the G1 fuel gives a better smoke/NOx trade-off than the centre diesel fuel at each EGR level. This is essentially due to the G1 formulation, including 50% vol. of Fischer-Tropsch product, while the centre diesel fuel contains only about 12.8% vol. of this high potential emissions reduction product. 1-p-value 95% < < 99% 95% < < 99% 95% < < 99% 99% < < 99.9% 95% < < 99% 
Carbon Monoxide Emissions
The results are described in Table 32 . On the vehicle, the LCO is the strongest contributor (approximately 35% whatever the phase) to CO emissions, while the Fischer-Tropsch is the smallest (around 1%). On the engine, the Fischer-Tropsch is always the smallest (responsible for 5 to 10%) while the strongest is the kerosene fuel (25 to 30%).
Unburned Hydrocarbons Emissions
For HC emissions (Table 33) , LCO is the strongest contributor, as for CO emissions, on vehicle and on engine tests. Fischer-Tropsch fuel is always the weakest contributor. The kerosene fuel is also a potent contributor, but only in the bench experiment, as for CO emissions.
Nitrogen Oxides Emissions
Diesel fuel formulation impact on NOx emissions (Table 34) is weaker than on CO or HC emissions. Nevertheless, LCO appears to be the strongest contributor, with a relative weight around 25%, while the other bases have similar contributions.
Particulate and Smoke Emissions
The calculated models on particulate (Table 35 ) and smoke (Table 36 ) emissions are quite similar: LCO and HVDR fuels are the strongest contributors (between 20 and 45%). FischerTropsch fuel (and kerosene fuel in the case of particulate and smoke emissions) are the smallest contributors (about 5 to 10%). 
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Carbon Dioxide Emissions and Fuel Consumption
As for NOx emissions, the fuel formulation impact on CO 2 emissions (Table 37 ) and on fuel consumption (Table 38 ) is weak. On the engine bench, no models were statistically significant. Nevertheless, on the vehicle, it seems that the kerosene fuel has a marginally stronger influence on CO 2 emissions and on fuel consumption than the other parameters. 
Unregulated Pollutant Emissions
The unregulated emissions measured on vehicle in this study are now presented: there are toxic air pollutants such as buta-1,3-diene, benzene, formaldehyde and acetaldehyde (Table 39) , some PAH (Table 40 ) and OFP (Table 41) . Considering these unregulated emissions measured on vehicle, the models are very similar one another. LCO is the strongest contributor (about 30%) and Fischer-Tropsch fuel has the smallest influence (about 10%).
The hydro-cracked product and the fuel issued from vacuum distillation residue are also strong contributors to the PAH emissions while the kerosene fuel is characterized by low factors.
For the buta-1,3-diene, the model was not significant. The ozone forming potential is calculated with the Carter's factors in the range C 1 -C 13 .
Those results, obtained on the bench engine and with the vehicle can be summarized as follows.
For CO, HC, aldehydes (formaldehyde, acetaldehyde), PAH emissions and for ozone formation potential, the results are almost the same. While the Fischer-Tropsch fuel is the weakest contributory base (from 5 to 10%, according to the engine operating conditions), LCO has the strongest impact (from 25 to 35%). The kerosene fuel is also a potent contributor (from 25 to 30%), in steady-state engine conditions for CO and HC emissions.
LCO is also the most influential base on NOx emissions on steady-state engine conditions: this product is characterized by a factor of about 25%. The Fischer-Tropsch has the lowest factor in transient conditions of the vehicle in the urban phase: 14%.
For particulate emissions, two different behaviors can be identified: -kerosene and Fischer-Tropsch fuels are low contributors (from 5 to 10%); -LCO is a strong contributor (from 25 to 45%).
For smoke emissions, there are also two different behaviors: -Fischer-Tropsch fuel is a low contributor (from 5 to 10%); -LCO and the fuel obtained through hydroconversion of vacuum distillation residue are high contributors (from 20 to 30%). CO 2 emissions show two types of results: while the kerosene is the main contributor (18%), the Fischer-Tropsch product is the weakest with 16%. The same result is found considering fuel consumption: the kerosene fuel is the most potent product with 19%.
It must be pointed out that the range of CO 2 emission percentages is naturally lower than the regulated pollutant emission range, and that a single percentage on CO 2 emissions reveals a notable impact from the fuel base.
In conclusion, each refinery base selected for this experimental design contributes to the emissions of the indirect injection diesel engines (IDI). Nevertheless, these contributions are very different from each other. They can be classified in three main groups: 1) Bases characterized by the strongest contributions:
• LCO fuel for CO, HC, NOx, particulate, smoke, SOF, IOF, PAH and aldehydes emissions, for ozone forming potential and for BSFC; • The diesel fuel produced by vacuum distillation residue hydroconversion, for CO, particulate, smoke and PAH emissions.
2) The kerosene fuel:
• It increases CO, HC and CO 2 emissions and fuel consumption; • It is a low contributor to particulate, SOF, IOF and PAH emissions.
3) The Fischer-Tropsch product:
• It is characterized by the smallest contribution to CO, HC, particulate, smoke, SOF, IOF, PAH, aldehydes and benzene emissions, and also to ozone forming potential. The straight-run and the hydrocracked products are characterized by intermediate contributions.
All these results are available for the different steady-state engine operating conditions (such as engine speed, engine torque, injection timing and EGR rate) and in transient vehicle conditions on the MVEG-11s cycle.
The Table 42 synthesizes the main diesel fuel formulation effects.
LCO and the vacuum distillation residue hydroconversion fuels are the strongest contributors. These two bases are characterized by: -the highest aromatic contents; -a very low "H/C" ratio; -a high density; -and a low cetane number (particularly for the LCO). That is why the EPEFE program has found a very strong influence of these parameters on engine emissions. The kerosene is characterized by a medium cetane number and by its high volatility. This result can also be expressed in terms of high CO and HC emissions.
On the opposite, the low density and the low aromatic contents induce low particulate, smoke and PAH emissions.
The specific composition of the Fischer-Tropsch fuel, with 95% of linear alkanes, leads to very peculiar properties: a very high "H/C" ratio, a very low density and a very high cetane number. These characteristics, together with the absence of aromatic compounds, give this refinery base the weakest contribution to the pollutant emissions considered.
Considering the hydrocracked fuel, contradictory effects are observed. The low density, the high cetane number and the low aromatic content could probably compensate the possible effect of the naphthene content and lead to intermediate emission levels.
Besides, for the complementary diesel fuels, the main results are the following: -RME, incorporated at a 20% vol. level in the centre diesel fuel, had no significant impact on engine emissions. -The naphthenic product, added at a level of 20% vol. in the centre diesel fuel, increases CO emissions from 25 to 45%, HC emissions from 25 to 35% and particulate emissions by around 5%. -The diesel fuel issued from the Fischer-Tropsch process without any blending with another product or base leads to the lowest CO, HC, NOx, particulate, benzene, formaldehyde, acetaldehyde, PAH (polycyclic aromatic hydrocarbons) emissions and to the lowest ozone forming potential.
Heavy Duty Results
Each parameter studied was modeled. About 30% of the models reach a significant level which complies with the criteria. Results show that models are mostly independent from the engine running condition.
Black Smoke Opacity and Smoke Emissions
ELR tests reveal the characteristics of the combustion with reduced excess air. Two bases, LCO and hydro-converted vacuum distillation residue, are major contributors to this kind of emission, but at different engine speeds: the first one at high speed, weighing 33%, the second one at low speed, weighing 27%. Fischer-Tropsch is represented in the model by the smallest coefficient, weighing only 2 to 8% of total emissions. Kerosene also is a minor contributor, with relative coefficients about 11 or 13 %.
The results obtained in stabilized running conditions are globally similar to those observed during transient conditions, despite a higher air/fuel ratio. Once more, the dependence on engine speed of the two major contributors is verified.
Particulate Emissions
The model, obtained with ESC test, points out three bases. LCO appears to be a major contributor to particulate emissions, while Fischer-Tropsch synthetic gas-oil and kerosene base are represented by low coefficients.
PM (g/kW·h) = 0.087
The trends observed prove the role of the base chemical composition. LCO and hydro-converted vacuum distillation residue bases contain a high percentage of heavy aromatic species known to be involved in the classic schemes describing particulate formation. On the opposite, synthetic Fischer-Tropsch fuel, containing exclusively saturated molecules, has a weak contribution to emissions [2] [3] [4] .
Kerosene also appears to be a minor contributor to particulate emission, as already mentioned by Akasaka et al. [3, 6] . Nitrogen Oxides An important result is that the Fischer-Tropsch fuel contributes weakly to NOx emissions, while it also contributes to reduced smoke and particulate emission levels [2] . Constant relative factor from 12 to 14% is found in the models. The specificities of this base are its low density, near 0.760, resulting in a low fuel mass introduction rate into the cylinder, and a high cetane number, about 80, resulting in a short self-ignition delay. Thus, the fuel mass concerned by self-ignition is reduced, as is the temperature peak level reached during the premix phase [5] .
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Kerosene [3, 6] , at heavy loads, and hydro-cracked base, at low loads, also do not lead to high emission coefficients. The first one is characterized by a low specific gravity, the second one by a high cetane number.
For opposite reasons, products with high density but low cetane number (LCO and hydro-converted vacuum distillation residue) lead to the highest contributions, weighing about 20%.
Combustion Noise and Maximum Heat Release
Models have been calculated using the acoustical output of the combustion noise, and are significant over the entire range of conditions tested. Differences in weightings between the bases are extremely important, from 3 to 50%. The results are in accordance with what could be expected considering the cetane number of pure bases measured on CFR engine.
Thus, major contributors are LCO (25 to 50%) and kerosene (16 to 31%), while minor contributors are FischerTropsch fuel (3 to 8%) and the hydro-cracked base (5 to 11%).
Models obtained for the maximum heat release only concern low loads, where the heat release peak value occurs during premix combustion (for loads higher than 50%, maximum heat release occurs during the diffusion phase of the combustion). So, at low loads, highest weightings are those of LCO and kerosene, while the lowest are those of Fischer-Tropsch [5] and hydro-cracked bases. On these points, correlation with combustion noise is excellent.
Brake Specific Fuel Consumption and Carbon Dioxide Emissions
Since heating values of the few bases do not reveal any significant difference, the results given by the models are essentially governed by the physical properties of the bases, such as cetane number and specific gravity, which both determine self-ignition delay and combustion duration. Models are strongly dependent on the engine load. The Table 43 sums up the trends observed for the specific fuel consumption.
Carbon dioxide trends only differ from previous results by taking into account hydrogen to carbon ratio. H/C of FischerTropsch and hydro-cracked base, which contain exclusively or essentially saturated compounds, are about 2 while those of LCO and hydro-converted vacuum distillation residue, essentially composed of aromatic molecules, are about 1. Thus, trends concerning Fischer-Tropsch, hydro-cracked and hydro-converted vacuum distillation residue bases are stressed. Unlike these examples, kerosene which had the highest weighting for BSFC at high load, is no longer the major contributor to carbon dioxide emissions due to a rather high hydrogen to carbon ratio. 
Unburned Hydrocarbons Emissions
Though unburned hydrocarbons content of exhaust gases is rather low, about 80 ppm, trends could have been drawn from the tests. Over the entire range of test conditions, LCO and to a certain extent kerosene [6] are the major contributors to these emissions. The characteristic temperatures of the distillation curves are particularly low. The temperature corresponding to the initial point is about 90°C, and the one corresponding to 5 percents distilled is about 150°C. On the other hand, lowest weightings are those of bases with rather high initial temperatures of distillation curve, such as hydro-cracked and hydro-converted vacuum distillation residue bases, except in full load conditions, where Fischer-Tropsch surprisingly appears to contribute strongly to emissions.
For example, the model drawn from European steadystate cycle describes unburned hydrocarbons emissions as follows:
HC 
Carbon Monoxide Emissions
Like unburned hydrocarbons emissions, carbon monoxide emissions are quite low, about 120 ppm. Results concerning LCO appear extremely dependent from the load conditions: weighting of LCO is the highest coefficient in partial load running, but the weakest while running full load.
Whatever the engine running condition may be, hydroconverted vacuum distillation residue remains a rather strong contributor to carbon monoxide emissions, as well as kerosene to a certain extent.
Synthesis
The main results obtained on the heavy duty engine can be summarized as follows (Table 44) . 
Conclusions of Diesel Tests
The diesel tests show that the contributions are very different from one base to another. The bases can easily be identified out as potentially high emissions precursors, or, on the other hand, as emissions reducing elements. So, these bases can be classified in four significantly different categories: 1) Products characterized by strong contributions, among others to NOx, particulate and smoke emissions, in steady state and in transient conditions: fuels from LCO and hydro-conversion of vacuum distillation residue. For the trucks, LCO also leads to a high combustion noise and the hydro-converted vacuum distillation residue seems to increase the specific fuel consumption. 2) Kerosene, as a high contributor to CO and HC emissions (and also to combustion noise and to specific fuel consumption for the trucks), but low contributor to particulate and smoke emissions. 3) Straight-run and hydro-cracked products, for their intermediate contributions. Nevertheless, the hydrocracked base is a minor contributor to HC, CO and CO 2 emissions from the heavy duty engine. 4) Fischer-Tropsch process fuel, which has a very low level of emissions. The high density and high aromatic content refinery bases (LCO and HVDR) lead to the highest NOx, particulate and smoke emissions levels. On the other hand, the products of low density and containing no aromatic compound (FischerTropsch and kerosene) lead to the lowest particulate emissions levels. These results can probably be explained by a global physical effect (density) combined with a fine chemical effect (composition in aromatic precursor).
The kerosene, which is the most volatile product, increase the CO and HC emissions.
On the other hand, the Fischer-Tropsch fuel leads to a decrease in the auto-ignition delay because of its chemical composition (95% of linear paraffinic compounds). This is the origin of the improvements of the CO and HC emissions, and also of the smoke/NOx trade-off produced by this base.
Besides, the incorporation of 20% vol. of rapeseed methyl ester (RME) in the centre diesel fuel had no significant impact on regulated engine emissions when the blending of 20% vol. of a naphthenic product in the same center diesel fuel increased, in certain operating conditions on engine or on vehicle, the CO and HC emissions levels.
It may be concluded that the best diesel fuel to reduce significantly present day indirect injection diesel engines emissions and present day heavy-duty diesel trucks emissions is the Fischer-Tropsch base. The very high potential of this very particular base suggests a detailed study to define the optimization of engine with Fischer-Tropsch fuels. This optimization could, for example, focus on lower compression ratios, reduction of the injection timing, different EGR rate, etc.
CONCLUSIONS
The main objective of this study was to determine the impact of fuel refinery bases on engine emissions. The study shows clearly that they have a significant influence on regulated pollutant emissions, unregulated pollutant emissions and on fuel consumption of spark-ignition engines, of indirect injection diesel engines and of heavy-duty diesel engines. These results are valid on engines and on vehicles. The impact of the selected refinery bases (issued from different refinery or synthesis processes) has been mathematically modeled for regulated and unregulated pollutant emissions and for fuel consumption.
Further works are currently under way at IFP with the same fuels blends on new engine technologies (gasoline direct injection and common rail, corresponding to Euro III and Euro IV emissions specifications). It will be interesting to compare the results presented in this paper with those of these last tests.
